Inductively coupled plasma etching of GaAs/AlGaAs was investigated in BCl 3 /Cl 2 /Ar using a mixture design experiment. According to the model extracted from the experiment, the etch rate was linearly proportional to the gas flows, and the process was reactant or diffusion limited. Etch rates from 200 to over 3000 nm/min were obtained. Equirate etch was observed for AlGaAs films with different aluminum content in the entire gas composition range. A quadratic dependence was observed for the etch rates of the resist mask with the gas flows. Etched profiles ranged from positively sloped to vertical to negatively sloped depending on the gas composition. Smooth etched surfaces and mirror quality smooth sidewalls were obtained.
I. INTRODUCTION
GaAs/AlGaAs semiconductors are widely used for the fabrication of optoelectronic devices such as light emitting diodes, lasers, optical amplifiers, detectors, as well as electronic devices such as heterostructure field-effect transistors ͑HFETs͒ and heterojunction bipolar transistors ͑HBTs͒. These various applications demand different etch rates, etch profiles, sidewall smoothness, and surface morphology. Numerous etch processes have been demonstrated for these applications using conventional etching systems such as capacitively coupled reactive ion etching ͑RIE͒, 1,2 chemically assisted ion beam etching ͑CAIBE͒, 3 and reactive ion beam etching ͑RIBE͒. 4 In this article, we demonstrate the etch characteristics of GaAs/AlGaAs in a high-density inductively coupled plasma ͑ICP͒ etching system. ICP sources have many of the attributes required for the next-generation plasma etcher. These sources are able to operate at lower pressures ͑1-20 mTorr͒, can produce a plasma density in the 1ϫ10 11 -1ϫ10 12 ions cm Ϫ3 range, 5 typically a factor of 10-100 times higher than capacitive discharges. As a result these sources are capable of etching anisotropic features at etch rates comparable to or higher than the conventional high-pressure RIE tools. In an ICP etcher, the ion energy incident on the wafer can effectively be decoupled from plasma generation by independently applying rf power to the wafer chuck. This allows the possibility of low etch-induced damage at higher etch rates. ICP sources are more attractive than other high-density plasma tools such as electron cyclotron resonance ͑ECR͒ sources because of their simpler design and hence better process control.
In this article we demonstrate that a variety of etch characteristics of GaAs/AlGaAs can be controlled by varying only the gas composition in a mixture of chlorine-containing gases. Experimental design is a powerful technique that allows one to maximize the information extracted from the experiment while minimizing the number of runs. It allows one to find linear and quadratic dependences on variables as well as interactions between variables that would not be possible using conventional one-variable-at-a-time approaches. In experiments dealing with mixtures of components as in etching, the ratio of the components in the mixture plays a significant role. For such experiments, mixture design is an excellent way to study the response surface.
II. EXPERIMENT
The ICP tool used in this study was a load-locked PlasmaTherm SLR 770 etch system that is based on a cylindrical coil configuration. The inductive power supply operated at 2 MHz. A strong magnetic field is induced in the chamber that generates a high-density plasma due to the circular region of the electric field that exists concentric to the coil and circulating around the magnetic field lines. Ion energies were controlled by superimposing an rf bias of 13.56 MHz on the sample. The samples were loaded into the reactor by mounting them on a sapphire carrier wafer with vacuum grease to ensure good heat transfer. The wafer was clamped to the cathode and cooled by helium gas on the backside. Plasmachamber wall reactions are extremely important in highdensity plasma systems such as ICP because of long mean free paths of the plasma species and thus chamber conditioning is critical for reproducibility. The ICP chamber was conditioned by running the of BCl 3 /Cl 2 /Ar plasma for 30 min prior to conducting the designed experimental runs.
The mixture experiment utilized a simplex-centroid design 6 varying the flow rates of BCl 3 , Cl 2 , and Ar in the mixture with a total gas flow rate of 15 sccm. A total of 12 a͒ Electronic mail: sambhu@eng.umd.edu runs that included two repeat runs were preformed. The process parameters, as obtained using a commercial software package, 7 are shown in Table I . Inductive power, substrate bias, and chamber pressure were kept fixed at moderately low values of 500 W, Ϫ100 V, and 5 mTorr, respectively, for isochronal etching of 3 min. The materials used in this study were GaAs n-substrate, 5 m thick Al 0.3 Ga 0.7 As, and 7 m thick Al 0.6 Ga 0. 4 As films. The films were grown by molecular beam epitaxy on ͑100͒ oriented GaAs substrates. An i-line photoresist ͑OCG OIR 897-21 MK͒ was used as the etch mask for all experimental runs. Each run included samples from all three materials of size 5ϫ10 mm 2 each.
III. RESULTS AND DISCUSSIONS
The measured responses were used to develop models for GaAs/AlGaAs etch rate, resist etch rate, and angle of etched profiles. Etch rates of GaAs, Al 0.3 Ga 0.7 As, and Al 0.6 Ga 0. 4 As were determined to be equal in the entire gas composition range investigated. BCl 3 , which acts as a gettering agent, is often required in conventional tools such as RIE to achieve equirate etch for GaAs and AlGaAs.
1 This is not the case for the ICP under the tool conditions investigated. The aluminum composition etching insensitivity is more likely due to the high ion current and high etch rate which prevent formation of oxides on the surface of the AlGaAs. Equirate etching is important for surface smoothness and etched angle of the structures. The etch rates of GaAs/AlGaAs can be modeled by the following equation:
where the etching rate ͑ER͒ is in nm/min and f BCl3 , f Cl2 , and f Ar are the fractions of the gas flow rates of BCl 3 ,Cl 2 , and Ar in the mixture, respectively. The etch rate is linearly proportional to the fractional gas flows as shown in Eq. ͑1͒. The response surface in Fig. 1 shows the estimated GaAs/AlGaAs etch rate as a function of BCl 3 , Cl 2 , and Ar gas flows in the mixture. The height of the surface represents the value of etch rate. Although the threedimensional plot exhibits the functional dependence very well, it is difficult to see the accuracy of the data fit. Therefore, the observed values of Al 0.6 Ga 0. 4 As etch rate for conditions in Table I are compared with the expected calculated values using Eq. ͑1͒ and are shown in Fig. 2 . Almost identical plots were obtained for GaAs and Al 0.3 Ga 0.7 As. From these results it can be observed that the etch rates of GaAs/ AlGaAs increased rapidly with increasing Cl 2 flow rate in the mixture due to the increase in the supply of reactive Cl ϩ or Cl species at the sample surface. The increase in etch rates with Cl 2 gas flow indicates that the process is reactant or diffusion limited. The linear form of the dependence suggests strongly that only one molecule of the gas is involved in this rate-limiting step of the etching reaction. At a fixed Cl 2 flow, the etch rate increase with BCl 3 flow was not as dramatic. This is due to the higher dissociation energy for This dependence of resist etch rate on gas composition can be graphically visualized as the response plot shown in Fig. 3 and the contour plot shown in Fig. 4 . Each contour line in Fig. 4 represents combinations of BCl 3 , Cl 2 , and Ar flows which give a predicted value for etch rate. The etch rate increased significantly with increase in Cl 2 flow in the mixture due to increase in reactive chorine species. The interactions of nonreactive Ar gas and heavier molecule BCl 3 gas with Cl 2 in Eq. ͑2͒ indicate the presence of energydriven ion-enhanced etching. This is further confirmed by the strong dependence of resist etch rate on the substrate bias. 8 GaAs/resist etch selectivity increased with Cl 2 flow due to differences in their chemical reactivity. However, selectivity decreased from 10 to 2 with an increase in the Ar flow due to the increased component of physical sputtering, which is inherently unselective.
Etch profiles of GaAs/AlGaAs features can also be controlled by changing gas composition. A quadratic model developed for the angle of the etched sidewall is shown in Eq. ͑3͒:
where is in degrees and is schematically defined in Fig.  6͑d͒ . Pure Ar or mixtures containing a high percentage of Ar showed positively sloped profiles. These overcut profiles are characteristic of the sputtering process and are the result of the dependence of sputtering yield on the angle of ion incidence. 9 Negatively sloped profiles were obtained for high Cl 2 . Sloped profiles may be necessary for some applications such as a via-hole etch to guarantee adequate step coverage during subsequent deposition. Vertical profiles are essential for etching mirrors for devices such as semiconductor lasers. Hence the optimum conditions for etched mirrors are the compositions along the line corresponding to the value of 90°. We have made etched-facet GaAs/AlGaAs lasers with threshold currents comparable to those of corresponding cleaved-facet lasers. The details of the results are published elsewhere. 10 The performance of the laser as well as the SEM data show that the sidewalls of the etched facets were extremely smooth. Etched surfaces were also very smooth under most etching conditions.
IV. CONCLUSIONS
A mixture design experiment technique was successfully used to study the role of gas composition in high-density inductively coupled plasma etching of GaAs/AlGaAs semiconductors. The results show a variety of responses in etch rates, etch selectivity, and etch profiles by varying gas composition alone. Equirate etches were obtained for GaAs, Al 0.3 Ga 0.7 As, and Al 0.6 Ga 0.4 As in the entire gas composition range investigated. The process was determined to be reactant or diffusion limited. Etch rates ranged from 200 nm/min to over 3000 nm/min. A dependence of feature sidewall angle with gas composition was observed. Smooth etched sidewalls were obtained under some etch conditions and smooth surfaces were obtained under most conditions.
